Mode specific dynamics of the H2 + CH3 → H + CH4 reaction studied using quasi-classical trajectory and eightdimensional quantum dynamics methods J. Chem. Phys. 143, 154307 (2015) Trajectory data are reported for the reaction CH 4 ϩH→CH 3 ϩH 2 , designed to provide information that can be used to test approximate quantitative theories for the dynamics of abstraction reactions. A potential function was devised which properly reflects the nuclear permutation symmetry of the process. Microscopic reaction rate coefficients were obtained as functions of fixed rotational and vibrational energy, and of the angular momentum. The data indicated significant uncoupling between the various modes although, at a minimum, the symmetric stretch is directly coupled to the reaction coordinate at the transition state. The data were used to test the assumption that the total angular momentum, J, may be approximated by the orbital angular momentum, L. L is approximately conserved from the reactant to the saddle point configuration in reactive and nonreactive collisions and may be well approximated by J. The angular momentum about the long axis of the reacting system ͑equivalent to the K quantum number͒ is not conserved in either reactive or nonreactive trajectories.
I. INTRODUCTION
This paper uses classical trajectory simulations to look, in microscopic detail, at the dynamics of the CH 4 ϩH→CH 3 ϩH 2 reaction, with particular regard to the factors influencing the microcanonical reaction rate coefficient, k(E), where E is the total energy of the system. Specifically, we investigate the roles of the conserved quantities: total energy and total angular momentum. An understanding of the importance of these constraints will be used to develop approximations to the exact dynamics that will subsequently be incorporated into bimolecular microcanonical transition state theory. 1 The abstraction reaction CH 4 ϩH→CH 3 ϩH 2 serves as a prototype bimolecular reaction. This reaction is chosen because it is relatively small, and thus amenable to both ab initio quantum mechanical calculations of the potential surface and to classical trajectory simulations. Detailed ab initio calculations have been performed at the saddle point for the abstraction reaction, and its harmonic frequencies, have been identified. 2, 3 These studies have been used to calibrate a recent semiempirical potential energy surface for the system. 4 Classical trajectory calculations have not been performed hitherto on this surface, although there are a number of such studies on more primitive potentials. [5] [6] [7] [8] [9] These previous results will serve as guidelines for the present work.
The surfaces previously proposed for the CH 4 ϩH→CH 3 ϩH 2 reaction are discussed in Sec. II and a new potential surface for the reaction developed. This new surface, unlike some previously proposed, 4, 6 is symmetric in all the potential energy terms pertaining to the four methane hydrogen atoms. Section III presents the computational details of the classical trajectory simulations and in Sec. IV an approximate method for calculating microcanonical rate coefficients from trajectory data is evaluated.
The results of classical trajectory simulations performed are presented in Secs. V and VI. The trajectories are analyzed in Sec. V in terms of energy and in Sec. VI in terms of angular momentum. The analysis in terms of energy focuses on the nature of coupling of various normal modes of the reactant configuration, specifically whether all or only some of the vibrations and rotations of methane couple efficiently to the reaction coordinate. The analysis in terms of angular momentum comprises an evaluation of the approximations commonly used in applying angular momentum conservation to unimolecular reactions, viz., Rice-Ramsperger-KasselMarcus ͑RRKM͒ theory; that is, we determine whether these approximations are valid when considering a bimolecular reaction.
II. POTENTIAL ENERGY SURFACE
There have been a number of potential energy surfaces previously proposed for the CH 4 ϩH reactive system. Initially, attempts centered on the hot atom reaction T*ϩCH 4 →CH 3 ϩHT and the competing reactions, CH 4 ϩT→CH 3 TϩH and CH 4 ϩT→CH 3 ϩTϩH.
The first many-bodied surface for this system was proposed in 1970 by Bunker and Pattengill. 6 In this potential only one methane hydrogen atom at a time was considered reactive, that is, the symmetry of the methane molecule was neglected, and further, there was no coupling between the nonreactive hydrogen atoms and the tritium. In later papers Valencich and Bunker 7, 8 reported a six-atom calculation with all hydrogenic atoms treated equivalently. The potential function proposed by Valencich and Bunker and later modified 9 was a purely empirical form fit to experiment. At approximately the same time Raff proposed a surface 10 that was based upon semiempirical INDO calculations and ab initio quantum calculations. The Raff surface treated all the methane hydrogens identically while the potential terms for the incoming tritium atom were different. Unfortunately, neither the surface proposed by Bunker and co-workers nor by Raff yielded saddle point geometries close to the best available ab initio results at the time. 11 Furthermore, the barrier a͒
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height to abstraction determined on the Raff surface was approximately 6 kcal mol Ϫ1 lower than the experimental activation energy. 12 In 1987 Truhlar and co-workers 13 performed a comprehensive review of the Valencich, Bunker, and Chapman and the Raff potential surfaces in terms of the abstraction reaction: CH 4 ϩH→CH 3 ϩH 2 . A large part of their analysis was based on the PolCI ab initio calculations of Walch and co-workers. 2, 3, 14 They conclude that Raff's potential surface was physically more reasonable, although neither surface was sufficiently realistic to allow quantitative studies of dynamics. A new potential surface was then proposed 4 which was based on Raff's surface but was calibrated to kinetic data and utilized MP4/6-31G** ab initio calculations by Duchovic et al. on the CH 4 →CH 3 ϩH reaction. 15 Trajectory calculations were not performed on this surface, instead it was used to obtain improved canonical variational theory 16 rate coefficients for the abstraction reaction.
The Joseph et al. potential surface 4 is specified in terms of the incoming hydrogen atom, H B , but, unlike the surface proposed by Raff, 10 also in terms of the abstracted hydrogen atom. The potential terms involving the three methyl hydrogens are therefore different to those involving the abstracted hydrogen, H A . As noted by Bunker and Pattengill, 6 such a form for the potential is not suitable for running trajectory calculations, for the following reason. The potential function specifies the hydrogen closest to the incoming atom, H B ; however, during the course of the reaction the relative motion of the reactants may cause the identity of this hydrogen to change. For this reason a symmetric form for the potential energy surface is useful. Ideally the potential energy surface should treat all five hydrogens identically, however, to do this would involve a very large increase in the complexity of the surface. Some of the problems inherent in the construction of symmetric potential energy surfaces have already been addressed ͑see, for example, Refs. 17 and 18͒ but such constructions are complicated for systems involving more than four atoms and lie outside the scope of this work.
The treatment of all five hydrogens as identical would be expected to be most important in considering the exchange reaction, CH 3 H A ϩH B →CH 3 H B ϩH A . The exchange reaction, however, will only be of importance at very high energies, the energy barrier to exchange being 35 kcal mol Ϫ1 , 19 whereas that to abstraction is approximately 10 kcal mol
Ϫ1
. 12 Thus, at thermally accessible energies the abstraction reaction will dominate alleviating the need for a fivefold symmetric potential surface. It is important to note that the fourfold symmetric potential surface does not preclude the possibility of the exchange reaction ͑indeed this reaction was studied originally by Raff 10 ͒; rather this channel is not treated with the correct permutational symmetry.
The Joseph et al. potential, 4 formulated in terms of stretching and bending terms, is used as a basis for constructing a fourfold symmetric potential energy surface. The original stretching potential is indeed symmetric to all four methane hydrogens and so can remain unchanged. Explicitly this function is given by
where V 3 represents the LEP functional form. Joseph et al. 4 further allow the C-H Morse parameter, ␣ CH , to relax, using a switching function, from the methane to the methyl limit:
͑2͒
Equation ͑2͒ involves the quantity, R , the average of the four shortest C-H bond lengths in the system. To prevent discontinuities in the derivatives of the potential surface, the atoms used in defining R will be determined only at the beginning of each trajectory and their identity remains unchanged subsequently.
The bending term in the Joseph et al. 4 potential is divided into two components: a general harmonic term and an out-of-plane term, correlating with the out-of-plane motion of the methyl radical. The out-of-plane bending terms proposed by Joseph et al. 4 are based on symmetric terms suggested by Duchovic et al. 15 for the CH 4 →CH 3 ϩH reaction,
where
The form for the out-of-plane reference angles, as they relax from the methane to the methyl configuration, is given by
where i j 0 represents the equilibrium angle defined by the ith and jth C-H bonds in methane. The only subtlety involved in the out-of-plane bend term is ensuring that the set of methane CH bond vectors ͕r j ,r k ,r l ͖ is a right-handed set.
A minor difference to the Joseph et al. 4 potential is the use of R 0 instead of r in Eq. ͑5͒ for the equilibrium bond length. The functional form given by Duchovic et al. 15 uses the r term to specify the equilibrium bond length for the CH 4 system, specifically 1.086 Å. Joseph et al. 4 use a con-stant equilibrium C-H bond length of 1.094 Å over the entire potential energy surface but retain the parameter r ϭ1.086 Å. For consistency we have used R 0 ϭr ϭ1.094 Å.
The harmonic bending term of Joseph et al. 4 also needs to be symmetrised with respect to the four methane hydrogens. The original functional form suggested by Raff 10 was indeed symmetric and can be used as a guide:
The form for the attenuation functions, A 1 and A 2 , arises from Raff's INDO calculations on the CH 4 ϩH system. The reference angles, i j 0 , of Eq. ͑6͒ must relax in the same way as those in Eq. ͑5͒. In recognition of this fact, the reference angles in Eq. ͑6͒ are also written as i j 0 , and their form is as described in Eq. ͑5͒. This corrects a deficiency in the surface of Joseph et al., 4 where different functional forms were used.
Equations ͑3͒ and ͑6͒ yield the correct number of bending vibrations for the methane molecule and the methyl radical, however, the force constant, k 0 , must be attenuated to provide the correct asymptotic values. There are two obvious choices for this attenuation function. The first is to follow the form of Joseph et al. 4 but to make it symmetric with respect to all four hydrogens, for example,
The second is to follow the attenuation function suggested by Duchovic et al. for the dissociation of methane:
where the switching functions, S 1 and S 2 are defined by
In either case, if any of the methane bonds are breaking the force constant, k i j 0 , tends towards the methyl value. Following the arguments outlined earlier, a fourfold symmetric potential energy surface can be constructed. The two possible symmetric potential functions, depending on whether Eq. ͑8͒ or Eq. ͑9͒ is used, will be labeled as ͑1͒ and ͑2͒.
The two symmetrized potential energy surfaces were calibrated using the procedure suggested by Joseph et al. 4 ͑i͒ In Eq. ͑3͒, keeping the ratio f ⌬ . 20 The other parameters necessary in defining the potential surface have been taken from the original functional forms of the earlier papers. All the parameters used are presented in Table I .
Using the parameters from Table I , the harmonic normal mode frequencies can be calculated at the methane, methyl, and saddle point configurations. The values calculated for the methane molecule and the methyl radical are compared, in Because of their calibration, both surfaces ͑1͒ and ͑2͒ match the experimental frequencies well at the methane and the methyl limits. The fit is better, as a result of the calibration, at the methyl configuration. Surfaces ͑1͒ and ͑2͒ indeed provide a match as comparable to the experimental data as the other results considered in Tables II and III. The characteristics of the C 3v saddle point for surfaces ͑1͒ and ͑2͒ are summarized in Tables IV and V together with two sets of ab initio data and the J2 results. 4 Table IV gives the saddle point geometries for the various calculations and Table V the harmonic normal mode frequencies. When considering Tables IV and V, it is important to note than the PolCI calculations of Schatz et al. 3 have been performed at a higher level of theory than the SCF/CI//SCF calculations of Sana et al. 21 Surfaces ͑1͒ and ͑2͒ both have very similar frequencies at their saddle points and they match the PolCI frequencies to approximately the same accuracy as the J2 surface. The normal mode calculations show that surface ͑2͒ gives a significantly better treatment of the bending frequencies with respect to the PolCI calculations than surface ͑1͒. Surface ͑2͒ also provides the best estimate of the harmonic zero-point energy of the saddle point.
Table VI lists the change in harmonic zero-point energy, the classical barrier height, V ‡ , and the vibrationally adiabatic barrier height, V ‡ VAT , for both the forward and reverse reactions. Table VI also includes the classical and the vibrationally adiabatic reaction endothermicity. Experimental estimates of the energetic parameters are given in Table VII. Surface ͑2͒, in comparison with Walch's ab initio results, 2 gives much better values of the energetic parameters for the reverse reaction than does either surface ͑1͒ or the J2 surface. Surface ͑2͒ does, however, underestimate the ab initio barrier height for the forward reaction, V VAT, f ‡ . Experimentally, the barrier to reaction, E a , is between 10 and 12 kcal mol Ϫ1 , 12,22-24 a quantity that is consistent with both surfaces ͑1͒ and ͑2͒. The abstraction reaction is found experimentally to be approximately thermoneutral, a conclusion best mirrored by surface ͑2͒, for which ⌬E VAT ϭ0.1 kcal mol
Ϫ1
. Surface ͑2͒ therefore provides a better description of the reaction than surface ͑1͒, that is, Eq. ͑8͒ appears to be more realistic than Eq. ͑7͒. In all further dynamical calculations the potential energy surface ͑2͒ is used.
III. COMPUTATIONAL DETAILS
The details of all calculations performed are presented in the Appendix. The initial conditions considered are described later. The majority of trajectories were calculated using a Boltzmann distribution of relative translational energy at temperature T. The rate of the CH 4 ϩH→CH 3 ϩH 2 reaction is very slow; therefore, to maximize observed reactive events, whilst still maintaining a link to experiment, a temperature of 2000 K was chosen for all the trajectory simulations, being the highest temperature for which there are reliable experimental results. 25 Because of the small number of reactive events only one temperature was used. Trajectories were also performed at various, fixed, values of relative translational energy. Importance sampling was not used to select the initial relative velocity because a substantial proportion of the trajectories were found to react with translational energies below the reaction threshold energy.
The impact parameter, b, was chosen randomly between 0 and b max with b max sufficiently large to include all trajectories of interest. The first set of trajectory calculations ͑in which 100 000 trajectories were calculated͒ employed a value of b max ϭ2.7 Å. In this calculation the largest value of b for which reaction was observed to occur was bϭ2.261 Å. All subsequent trajectory calculations used a value of b max ϭ2.4 Å. The initial angular momentum of the methane molecule was chosen from a thermal ensemble at Tϭ2000 K ͑Ref. 26͒ corresponding to an average methane angular momentum of approximately 25ប. Methane's vibrational energy was chosen from an harmonic microcanonical ensemble at fixed vibrational energy E vib . In an attempt to model the experimental conditions a number of trajectories were run at a value of E vib equal to the average ͑quantum͒ vibrational energy of methane at Tϭ2000 K, including its harmonic zero-point energy component, that is E vib ϭ43.22 kcal mol
Ϫ1
. To calculate appropriately averaged rate coefficients, k(T) and k(E), trajectories were also run at a number of total vibrational energies incremented by 5 kcal mol Ϫ1 above and below the harmonic zero-point energy of methane. A number of trajectories were also performed using fixed initial values of E i in each of the methane normal modes.
The following end tests were employed, where the C-H B distance to the incoming hydrogen atom, H B , is denoted as R CB and the methane C-H i bond lengths R i :
No Reaction: R i ϽR max and R CB ϾR max for all bond lengths R i , Abstraction: R i ϾR max and R CB ϾR max for any bond length R i .
The parameter R max was set at 11 Å, comparing with an initial center-of-mass separation of 10 Å. Each trajectory was integrated for a maximum of 350 fs; if, after this time, the trajectory had not triggered one of the above tests, it was deemed to be nonreactive.
IV. DETERMINATION OF MICROSCOPIC RATE COEFFICIENTS
The purpose of this work is to elucidate some of the dynamical features of the prototype bimolecular reaction considered with the overall goal of improving bimolecular transitions state-theory results. With this goal in mind we are interested in the dynamics of the system on a microcanonical ͑rather than a canonical͒ level. The trajectory simulations, however, were chosen to find the reaction rate coefficients at a fixed initial methane vibrational energy, E vib , and in the majority of trajectories a thermal distribution of rotational and relative translational energies was used. The microscopic rate coefficients, k(E), can be approximated at each given vibrational energy, E vib , as a microcanonical average over the initial relative translational and rotational energies, E rel and E rot .
At each vibrational energy considered, the reactive cross section, S͑E,E rel ;E vib ͒, was calculated as a function of the relative translational energy, E rel . A microcanonical weighting of the initial relative translational energy was then used to calculate the rate coefficient, k͑E;E vib ͒:
where f ͑E,E rel ͒ is the microcanonical probability that, of a total energy, E,E rel is in the relative translational motions of the reactants, and EϪE rel is in the rotational modes of the methane molecule. rel , and rot are the relative translational and rotational densities of states and rel-rot their convolution. Assuming the methane rotations can be described as rigid rotors, the microcanonical probability, f ͑E,E rel ͒, reduces to the expression
The trajectories were not, however, calculated using a microcanonical distribution of the initial relative translational and rotational energies, but rather from a thermal distribution. The microcanonical distribution is therefore an approximation and it remains to determine the validity of this approximation. 100 000 trajectories, calculated at E vib ϭ43.2 kcal mol
Ϫ1
were considered in detail. These trajectories were binned into total energy and relative translational energy bins, both of size 1 kcal mol
. The actual, trajectory based, distribution of relative translational energy in each total energy bin was compared to that predicted from a microcanonical distribution, Eq. ͑12͒. . Figure 1 shows that the trajectory data can approximated by a microcanonical distribution of relative translational energies, although this distribution will be most in question at very high total energies, where there are very few trajectories calculated. As a further test of the use of a microcanonical distribution, the microscopic rate coefficients, k͑E;E vib ͒, calculated assuming a microcanonical distribution, are compared, in Fig. 2 , to rate coefficients calculated using the actual trajectory based distribution of relative translational energy. Figure 2 indicates that there is excellent agreement between both sets of rate coefficients for all but the highest energies. As a result of the general agreements shown in Figs. 1 and 2 a microcanonical distribution of the initial relative translational energies of the reactants has been assumed.
Having calculated the microscopic rate coefficient, k͑E;E vib ͒, the microcanonical rate coefficient, k(E), may be calculated by taking a microcanonical weighting of components with various vibrational energies. The microcanonical probability of a system, at total energy E, having a vibrational energy E vib is given by
where vib is the methane vibrational density of states and react is the total density of states at the reactant configuration. Equation ͑13͒ has been written explicitly by assuming the methane vibrations may be described as a collection of separable harmonic oscillators and the rotations as rigid rotors. The microcanonical rate coefficient is therefore
k͑E;E vib ͒dE vib .
͑14͒
The microscopic reactive cross sections S͑E,E rel ,J͒, S͑E,E rel ,L͒, and S͑E,E rel ,E rot ͒ can also be defined, however, because the number of reactive trajectories for each E, E rel   FIG. 1 . Trajectory based distribution of relative translational energy, at a total energy of 56 kcal/mol and a vibrational energy of 43.2 kcal/mol, compared to a microcanonical distribution. , in an effort to increase the fraction of reactive trajectories observed. In these trajectory simulations the initial rotational energy of the methane molecule was still sampled from a thermal distribution at 2000 K.
The trajectories being analyzed were first binned into their total energies, E; the total energy is now only a function of the rotational energy, E rot , because the values of E rel and E vib are fixed. Bin sizes of 1 kcal mol Ϫ1 were used. These bins were then subdivided into bins in the total angular momentum, J, or the initial orbital angular momentum, L ͑with a bin size ⌬Jϭ⌬Lϭ1ប͒ and the various microscopic reaction rates calculated. The resulting reaction rates are not true microcanonical quantities; nevertheless they are useful for comparative purposes.
V. CONSIDERATION OF ENERGY
When modeling a unimolecular reaction, the microcanonical transition state result requires the assumption that the distribution of energy amongst the reactant degrees of freedom is completely statistical. For unimolecular reactions there is experimental evidence ͑see, for example, Ref. 27͒ that the statistical assumption is, in general, valid. As a consequence, if a unimolecular reactant has an initial total energy, E, larger than the barrier to reaction this energy will randomize amongst all degrees of freedom and at some time will be present in the mode corresponding to the reaction coordinate. At this point reaction will occur.
In a bimolecular reaction complete energy randomization is not possible because, at large separation, there is no coupling between the reactants. Coupling is only possible in the region of the saddle point when the reactants are in proximity. Because of the nature of the reaction, the time for which the reactants are close together is small. The question is now: how effectively can energy randomization amongst all the modes of the reactants occur under these circumstances?
It is apparent from the trajectory data that the internal energy of the methane molecule does play a part in determining the probability of reaction. For example, in a batch of 100 000 trajectories calculated at a vibrational energy of E vib ϭ43.2 kcal mol Ϫ1 and using a thermal distribution of translational and rotational energies, it is found that approximately 20% of those trajectories that react have translational energies lower than the saddle point energy for the reaction. For reaction to occur in these cases the energy in either or both of the methane vibrations and rotations must couple to the reaction coordinate. We now examine this coupling by partitioning the total energy, E, of the system into components describing the relative translational energy of the reactants and the vibrational and rotational energy of the methane molecule.
The coupling of the vibrational modes of methane to the reaction coordinate was investigated by examining trajectories in which the total initial vibrational energy of the methane molecule, E vib , was varied systematically and the relative translational and the rotational energies were selected from thermal distributions at 2000 K. Figure 3 plots the microscopic rate coefficient, k͑E,E vib ͒, Eq. ͑11͒, for some of the vibrational energies considered. Error bars, representing 68% certainties, have been placed only on the data obtained at E vib ϭ43.2 kcal mol
Ϫ1
; such points without error bars being approximately 100% uncertain. It is apparent that, over a large range of total energies, the curves k͑E,E vib ͒ are distinct for different vibrational energies. If the methane vibrations were completely coupled to the reaction coordinate the rate coefficients, k͑E,E vib ͒, would be independent of the vibrational energy, E vib . In Fig. 3 , as the methane vibrational energy is increased, the observed total energy threshold for reaction increases, again indicating that some component of the vibrational energy does not couple to the reaction coordinate. In Fig. 4 the threshold energy, that is, the lowest total energy for which reaction was observed to occur, is plotted as a function of the initial methane vibrational energy, E vib .
The lowest possible threshold energy for reaction to be observed is the energy of the barrier to reaction, 10.9 kcal mol
. If the reacting system behaved completely statistically, reaction would occur for all energies above 10.9 kcal mol
. Furthermore, if the methane vibrations were completely coupled to the reaction coordinate, the threshold energy for reaction would be independent of the methane vibrational energy, that is, the slope of the line in Fig. 4 would be zero. It can be seen in Fig. 4 , however, that the total energy needed before reaction is observed increases as the initial vibrational energy of the methane molecule is increased. If the vibrations of the methane molecule were completely uncoupled from the reaction coordinate there would be a 1:1 correspondence between the threshold energy and the vibrational energy, that is, the slope of the line in Fig. 4 would be one. The points in Fig. 4 can be best fit with a straight line with a slope of 0.79. In other words, a small proportion, approximately 21%, of the vibrational energy of the methane molecule can couple to the reaction coordinate over the range of energies considered and a larger propor- tion, approximately 79%, is uncoupled from the reaction coordinate and cannot participate in the reaction. The fact that the data in Fig. 4 can be well described by a straight line indicates that the fraction of the vibrational energy that can couple to the reaction coordinate remains approximately constant as the total vibrational energy is varied.
The next question to ask is: Which modes couple with the reaction coordinate? The harmonic normal mode frequencies ͑in cm Ϫ1 ͒ for the CH 4 ϩH system are illustrated in Fig. 5 as a function of distance, s, along the reaction coordinate ͑the minimum energy path between reactants and products͒, where sϭ0 defines the saddle point on the potential energy surface.
In Fig. 5 the reaction coordinate was determined by allowing the system to fall from the saddle point, by setting its momentum to zero after each integration step. The distance along the minimum energy path was calculated explicitly in terms of the breaking, R CH , and the forming, R HH , bond lengths, where the relaxation of the tetrahedral angle in methane to an angle of 120°in the methyl radical was treated implicitly. The frequencies along the reaction path were determined using an harmonic normal mode analysis. Figure 5 indicates a strong correlation between eight of the nine methane vibrations and the normal modes at the saddle point ͓note that the vibrations of (e) symmetry are indicated by dashed lines͔. The one methane vibration that changes significantly along the reaction path is the symmetric C-H stretch. The symmetric stretch must therefore be directly involved in the reaction and may be considered as coupled to the reaction coordinate; that is, the energy in the symmetric stretch is available to the system in overcoming the barrier to reaction. The frequencies of the eight other vibrational modes remain approximately constant from the reactant to the saddle point. A constant frequency is a necessary, but not sufficient, condition for a mode to be uncoupled from the reactant coordinate.
In an attempt to further investigate which vibrational modes were coupled to the reaction coordinate a number of trajectories in which the total vibrational energy is fixed ͑and the rotational and translational energies are selected from a thermal distribution at 2000 K͒, but the vibrational energy is distributed initially amongst the four distinct normal mode vibrations of the methane molecule, were calculated. A total vibrational energy of 27.2 kcal mol Ϫ1 ͑equal to the zeropoint energy of the molecule͒ was used. This energy was distributed separately to each of the four distinct methane vibrations. Because the orientation of the reactants for each trajectory is chosen randomly, the reacting hydrogen is also random. Therefore, instead of assigning the total vibrational energy, 27.2 kcal mol
, to each of the three asymmetric stretch vibrations in turn, this energy was divided equally amongst the three asymmetric stretch modes ͑at 3052 cm Ϫ1 ͒; that is, each mode is given approximately 9.1 kcal mol Ϫ1 and a total energy of 27.2 kcal mol Ϫ1 is placed initially in the asymmetric stretch vibrations. Similarly, the energy in each of the two in-plane bend vibrations ͑at 1501 cm 
FIG. 5. Correlated normal mode frequencies in cm
Ϫ1 along the minimum energy path for the reaction CH 4 ϩH→CH 3 ϩH 2 . The dashed lines indicate vibrational modes of (e) symmetry and the solid lines indicate modes of (a) symmetry. Table VIII shows that the cross section for reaction is highest when the vibrational energy is initially placed in the methane symmetric stretch vibration. When compared to the cross section obtained when microcanonical sampling of the vibrational energy is used, it is apparent that excitation in both the symmetric and the asymmetric stretches enhances the reactive cross section, whereas excitation of the two distinct bending vibrations reduces the reactive cross section.
The reactive cross section for the lowest vibrational energy considered ͑2.2 kcal mol Ϫ1 ͒ is 0.05 Å 2 ͑see Table X in the Appendix͒. The cross sections obtained in Table VIII by initially exciting the bending modes of the methane molecule are considerably higher than this value. One conclusion that could be drawn is that these modes also couple relatively strongly with the reaction coordinate, although this conclusion does not seem to be supported by the results of Figs. 3 and 4. Another explanation is that the energy randomization amongst the vibrational modes of the methane molecule is relatively efficient, that is, the methane molecule itself behaves somewhat statistically although the results indicate that energy randomization is incomplete. These conclusions are consistent with recent theoretical investigations of IVR ͑see, for example, Ref. 28 and references therein͒.
The observed scrambling of the bond energy prior to reaction is a manifestation of the inadequacy of an harmonic analysis of the methane's vibrations. Harmonic normal modes are clearly not good action variables of the methane molecule because they are not conserved. In order to determine bond specific properties it is necessary to determine these variables, that is, to determine the true eigenvectors of the vibrational motion. There are a number of approximate methods that have been used previously to determine eigenvectors in a semiclassical context. Duchovic et al. 29 provide a good review of these methods as well as presenting their own; Schatz and co-workers [30] [31] [32] have developed methods that have recently been successful on the water molecule ͑for example, Refs. 33 and 34͒. These analyses have not been applied to a system as large as methane and there are many practical considerations that would make such an analysis extremely difficult. Because the purpose of this work is to eventually compare classical trajectories with transition state theory ͑the usual application of which assumes separable harmonic oscillators͒ such an analysis is outside the scope of this work. A semiclassical eigenvector analysis would, however, be extremely useful in comparison with experimental results.
Classically, the vibrational energy of a system of n separable harmonic oscillators will be partitioned equally amongst the possible vibrations, that is, the most probable energy of each oscillator will be E vib /n ͑for example see Ref.
35͒. The value of 21% obtained from Fig. 4 suggests that two of the methane vibrational modes couple strongly to the reaction coordinate and may be considered active. This simple equipartition of energy argument, however, neglects the fact that reaction may occur with higher probability in the case where there is greater than average energy in the coupled vibrations. In such a case it is necessary to average over the microcanonical distribution of energy in the coupled modes. Such calculations are performed in Ref.
1. For systems with fixed vibrational and translational energies the reaction rate coefficient was investigated as a function of the initial rotational energy of the methane molecule. The results, obtained from a total of 20 000 trajectories in each case, are shown in Fig. 6 . Representative 1 error bars have been placed on the data obtained at E rel ϭ30 kcal mol
Ϫ1
, and as in Fig. 3 , points at large rotational energies without error bars are approximately 100% uncertain. Figure 6 indicates that the microscopic rate coefficient is relatively insensitive to the rotational energy of the methane molecule ͑note that 3 2 k B T is approximately 6 kcal mol Ϫ1 at 2000 K͒. It may thus be concluded that at thermally accessible rotational energies the rotational energy of methane does not appear to be active towards promoting the abstraction reaction. The effects of angular momentum are further investigated later.
VI. CONSIDERATION OF ANGULAR MOMENTUM
In the Rice-Ramsperger-Kassel-Marcus theory of unimolecular reactions, an approximate method for incorporating angular momentum into microscopic rate coefficients has been developed involving analogy with a two-body collision. 36, 37 RRKM theory assumes that the total angular momentum of the system, J, may be approximated by the orbital angular momentum, L and that the angular momentum component, K, about the long axis of the reacting species is considered as an unconstrained variable, that is, the energy about the K axis is considered active ͑see, for example, Refs. 38 and 39͒. For future applications of this approach to a bimolecular system we investigate, using classical trajectory simulations, the roles of J, L, and K.
The coordinate systems used to calculate the various angular momenta are illustrated in Fig. 7 and they are described as follows. The total angular momentum of the system, J, is calculated as [(J x 2 ϩJ y 2 ϩJ z 2 )] 1/2 , where J x , J y , and J z represent the angular momenta ͉r؋p͉ about the space fixed coordinate axes ͕x,y,z͖. L is calculated as the orbital angular momentum of the hydrogen atom about the center of mass of the methane molecule. The angular momentum K is calculated by first defining the principal axes of the reacting system, ͕xЈ,yЈ,zЈ͖, corresponding to unit vectors in the directions of the eigenvectors of the inertia tensor ͑see, for example, Ref. 40͒. The zЈ axis is identified as that corresponding to the least equal moment of inertia, that is I xЈ ϷI yЈ I zЈ , where the system is approximated as a symmetric top. The angular momentum, K, is then simply the angular momentum about the zЈ axis. As a first step towards utilizing the formulations of angular momentum in RRKM theory, we examine the assumption that the total angular momentum J may be approximated by the orbital angular momentum L. This is seen to be generally true by noting that the distribution of L may be altered using the simple expedient of increasing the maximum impact parameter considered, and that the methane angular momentum will be randomly oriented with respect to L. However, since we are primarily concerned with reactive collisions the impact parameter has been chosen so as to provide access to our region of interest in phase space.
In order to examine reactive trajectories in particular, a total of 100 000 trajectories were calculated using a thermal distribution of translational and rotational energy at 2000 K, a fixed vibrational energy at 43.2 kcal mol
Ϫ1
, and a maximum impact parameter of 2.7 Å. Table IX lists a number of properties of the resulting 1561 reactive trajectories including the mean values ͗J͘ and ͗L͘. Table IX shows that, for reactive trajectories, L is approximately 54% of the total angular momentum, J, although the standard deviations are very large. The discrepancy between the values of L and J is highlighted in this case, by the high temperature at which the simulations were performed, viz. 2000 K. As the temperature is reduced, the component of J arising from methane rotation will be reduced and the orbital angular momentum will dominate.
Specifically, in the context of transition state theory, it is useful to examine the conservation, or lack thereof, of the orbital angular momentum of the reactant pair and the K angular momentum as the system moves from the reactant configuration to the transition state. Because the purpose of this work is to eventually compare classical trajectories with transition state theory, we consider the fate of the angular momenta only up to the transition state and not beyond it. Unfortunately, the transition state in a trajectory simulation is not easily defined ͑for example, Ref. 41͒ and a simplistic approach has been employed here. The values of the angular momenta have been calculated at two points on the trajectory: the initial point at time tϭ0 and the point of closest approach of the incoming hydrogen to the carbon atom at time tϭt c . For reactive trajectories this distance of closest approach may be considerably smaller than the distance defined at the saddle point; indeed closest distances as small as 1.6 Å were found where the distance at the C 3v saddle point is 2.24 Å. For each trajectory the values ͉L(tϭt c )ϪL(tϭ0)͉/͉L(tϭ0)͉ and ͉K(tϭt c )ϪK(tϭ0)͉/ ͉K(tϭ0)͉ were calculated and these quantities are also averaged in Table IX .
The total angular momentum of any isolated system must be conserved; therefore any change in the orbital angular momentum must be accompanied by a change in the angular momentum of the methane molecule. The only mechanism by which the angular momentum of the CH 4 can change is by direct interaction with the hydrogen atom. The orbital angular momentum must therefore be conserved until the species are close enough to interact. The large change in the orbital angular momentum for the reactive trajectories: ⌬LϷ30%, will also be due to the breakdown of the two particle description used in calculating the orbital angular momentum as the reaction proceeds. The trajectories can be further analyzed by examining the value of L as a function of the carbon/incominghydrogen distance, the R CB bond length. A total of 100 reactive trajectories and, for comparison, 50 nonreactive trajectories were examined and four of each are illustrated in Figs. 8 and 9.
In Figs. 8 and 9 the distance 2.2 Å corresponds to the C-H B separation at the C 3v saddle point on the surface. It is apparent that the orbital angular momentum of the system starts to change at C-H B separations between 3 and 4 Å, consistent with the distance of van der Waals contact between the two reactants, approximately 3.5 Å.
The extent of L conservation will depend on the magnitude of interaction between the methane and the incoming hydrogen. The change in orbital angular momentum would be expected to be large for trajectories traveling slowly in the interaction region because these trajectories have a greater chance of hitting something. This is illustrated in Fig. 10 , where the change in L, calculated at a separation of 2.24 Å, corresponding to the saddle point separation, is plotted against the relative translational energy for the 100 reactive trajectories examined in detail.
At a separation of 2.24 Å, 76% of the reactive trajectories examined have changes in their orbital angular momentum of less than 5%. Of the 24 trajectories exhibiting changes in L of more than 5% at a separation of 2.24 Å, 23 are illustrated in Fig. 10 ͑the remaining point is off scale͒. Nineteen of these twenty-four trajectories have relative translational energies within 4 kcal mol Ϫ1 of the barrier to reaction, 10.9 kcal mol
. Thus we do see that slower trajectories have a greater chance of a glancing collision.
An alternate explanation for the results observed in Fig.  10 is that the slower trajectories, in order to surmount the barrier, must approach much closer to the C 3v minimum energy path thus having smaller impact parameters and smaller initial values of L, that is, ⌬L/L is large because L is small. This explanation may be tested by examining Fig. 11 , where, for the reactive trajectories of Fig. 10 , the impact parameter has been plotted as a function of the initial relative energy. Figure 11 illustrates that, even at the lowest relative translational energies, reaction may occur for a wide range of impact parameters. The results shown in Fig. 11 highlight the importance of nonlinear collisions in the CH 4 ϩH→CH 3 ϩH 2 reaction.
It has long been assumed that the energy about the long axis of a unimolecular reactant is active and is available to surmount any barrier to dissociation ͑see, for example, Ref.
38͒. In a bimolecular system, which strictly is neither a symmetric top nor rigid, the K angular momentum is not expected to be a conserved variable; monitoring this angular momentum, however, provides an indication of the activity of the energy about this axis. The calculated trajectories have been analyzed as above, that is the quantity ͉K(tϭt c )ϪK(tϭ0)͉/͉K(tϭ0)͉ has been calculated, the results shown in Table IX . This simple analysis indicates that the K angular momentum not a conserved quantity and can change by hundreds of percent over this time.
The values of K as a function of the R CB distance for a sample of reactive and nonreactive trajectories are illustrated in Figs. 12 and 13 where it is clear that in both cases the value of K can change dramatically throughout the entire trajectory. Figures 12 and 13 suggest that the energy in the K rotation can couple with the vibrational energy of the methane molecule and, for future purposes, we further assume that this energy may be considered active. The acid test of the proposition that the orbital angular momentum dominates the influence on the reaction rate coefficient, is to calculate the microscopic rate coefficients k(E,J) and k(E,L) from the classical trajectory simulations. The procedure for calculating these microscopic rate coefficients is outlined in Sec. IV and some of the calculated values of k(E,J) and k(E,L) are plotted in Fig. 14 for a range of total energies, E.
In Fig. 14͑a͒ . We can therefore conclude that, within the scatter of the trajectory data, at thermally accessible methane rotational energies, and within the majority of the distribution of J, the distributions of k(E,J) and k(E,L) are the same. As a corollary we conclude that it is the orbital angular momentum that dominates the contribution to the total angular momentum, the centrifugal barrier and hence to the reaction rate coefficient.
VII. CONCLUSIONS
The trajectory simulations performed on the CH 4 ϩH→CH 3 ϩH 2 reaction indicate that the vibrational energy of the methane molecule couples inefficiently to the reaction coordinate and that the rotational energy of the methane molecule appears to be uncoupled. Following the reaction path analysis of Fig. 5 , we suggest that only the methane symmetric stretch ͑and possibly the methane asymmetric stretch that correlates with the H 2 product vibration͒ is significantly active and that the other vibrational modes are inactive. These conclusions are tempered by the fact that energy randomization amongst the vibrational modes of the methane molecule is significant. Thus we suggest that it is the energy in the symmetric stretch at the transition state that is coupled to the reaction coordinate. Given that the energy in some of the system's vibrational modes at the saddle point is inactive, transition state theory may be reformulated to include a partitioning of the total energy of the system into components that are coupled and uncoupled with respect to the reaction coordinate. Such a partitioning has been considered previously in the case of ion-dipole association reactions 42 and complex forming reactions [43] [44] [45] and such an analysis is extended to bimolecular reactions in Ref. 1.
The analysis of various trajectory results supports the assumption that the total angular momentum of the reacting system may be approximated by the orbital angular momentum of the reactant pair. The results indicate that the K angular momentum is not a conserved quantity and support the idea that the rotational energy about this axis of the reactant pair is active. This suggests that bimolecular rate coefficients may be calculated by including angular momentum conservation in the same way as is done in RRKM theory; such calculations are performed in Ref. 
APPENDIX
The details of the various sets of trajectory calculations performed are outlined below. The trajectory calculations were performed using a modified version of the trajectory program MARINER, 46 itself based on a version of the program MERCURY. 47 MARINER employs a sixth order AdamsMoulton predictor corrector integrator that is initialized by a fourth-order Runge-Kutta integration. The trajectories were calculated using a time step of 0.1 fs. Such an integration scheme typically involved uncertainties in the total energy of less than 1ϫ10 Ϫ5 % and in the total angular momentum of less than 5ϫ10 Ϫ5 %. A time step of 0.1 fs produced root- The first set of trajectories were calculated using a thermal distribution of relative translational and rotational energies and a vibrational energy of 43.2 kcal mol
Ϫ1
. The largest impact parameter considered was b max ϭ2.7 Å. There were a total of 100 000 trajectories calculated, 1561 of which reacted.
The reactive cross-section is then ͑3.575Ϯ0.090͒ϫ10 Ϫ21 m 2 . The second set of trajectories, Table X, were calculated using a thermal distribution of the initial relative translational and rotational energies and a range of different vibrational energies. The results from the first set of trajectories showed that the largest impact parameter for which reaction was observed was 2.261 Å. As a consequence, in all further simulations, a value of b max ϭ2.4 Å was used.
The third set of trajectories, Table XI , were calculated using a thermal distribution of the initial relative translational and rotational energies and a fixed vibrational energy of 27.2 kcal mol Ϫ1 , equal to the zero-point ͑harmonic͒ vibrational energy of methane. This energy was specifically allocated to the four different normal modes of methane. The final set of trajectories, Table XII, was calculated using a thermal distribution of the initial methane rotational energy and a vibrational energy of and a range of initial relative translational energies. 
